Streptococcus pyogenes (group A streptococcus) produces a variety of exotoxins, including the streptococcal pyrogenic exotoxins (SPEs; scarlet fever toxins) that have been implicated in severe invasive streptococcal diseases such as streptococcal toxic shock syndrome (STSS) and scarlet fever (reviewed in references 29, 37, 51, and 54) . The SPEs belong to a larger group of pyrogenic toxin superantigens (PTSAgs) (5) that stimulate T cells by binding both invariant regions on major histocompatibility complex (MHC) class II molecules and specific V␤ chains of the T-cell receptor; this activity has been termed superantigenicity (36) . The ability of PTSAgs to bind to the T-cell receptor (TCR) is independent of the peptide contained in the groove of MHC class II molecules, and since there are relatively few TCR V␤ regions, the frequency of T cells responding to PTSAg exposure exceeds that of conventional peptide antigens by several orders of magnitude (reviewed in reference 35) . Extensive T-cell proliferation results in massive cytokine release, which is believed to contribute to the most severe effects of STSS.
Structural and immunological characterization of the SPEs have revealed that they are low-molecular-weight proteins (24,000 to 28,000) that are relatively heat and protease resistant. Although only SPEs A and C are generally considered to be associated with STSS (7-9, 16, 17, 41, 45, 55, 58) , distinct SPE serotypes are now known to include serotypes A (23, 63) , B (14) , C (12), F (46, 64) , G (48) , and H (48) , as well as the streptococcal superantigen (SSA) (40) and multiple streptococcal mitogenic exotoxin Z (SMEZ) serotypes (25, 48, 49) . However, unlike the other SPE serotypes, SPEs B and F have enzymatic activity (protease and DNase, respectively) (13, 18, 27) , neither has sequence homology to the other SPEs, and SPE B is known to not share structural similarity with the other SPE serotypes (24) .
It has been shown that several clinical strains of S. pyogenes from patients with STSS produce neither SPE A nor SPE C (6, 10, 25, 42, 44, 62) . This observation raises the possibility that uncharacterized PTSAgs, related to SPE A or SPE C, are capable of causing STSS. Consistent with this hypothesis, it has been demonstrated that novel streptococcal superantigens are in fact made by virulent streptococci (1, 40) . Furthermore, selective depletion of certain V␤ T-cell subsets from patients with STSS that did not correlate with V␤ patterns from known superantigens has been demonstrated (62) . Importantly, this study also determined that many of the strains did not possess the genes for SPE A, SPE C, or SSA.
Two novel streptococcal superantigens (SPE G and SPE H) were recently identified and characterized by Proft et al. (48) , aided by the S. pyogenes genomic database at the University of Oklahoma. These authors also identified SMEZ-2, a novel superantigen very similar to the previously described SMEZ (25) . The crystal structures of SPE H and SMEZ-2 were also recently reported, and both conformed to the generic bacterial superantigen folding pattern (1) . This group demonstrated that SMEZ, unlike other superantigens (at least to our current knowledge), is highly polymorphic in that 22 different smez alleles were identified. This research also revealed that although the polymorphisms in the SMEZ serotypes (now serotypes 1 through 22) maintained their V␤ T-cell subset stimulatory profiles (V␤4 and V␤8), they resulted in antigenic variants (48) .
During the characterization of SPEs G, H, and SMEZ-2, a partial gene sequence of a putative PTSAg was also identified. This putative gene was named speJ, although it was not characterized further (48) . The present study describes the cloning, expression, and immunological characterization of this novel PTSAg, termed SPE J, and we show that this toxin has properties similar to those of already-characterized PTSAgs, including mitogenic activity for rabbit and human T cells, V␤-specific superantigenic activity, and lethal activity in two models of STSS. SPE J represents a seventh streptococcal superantigen, most similar to SPE C, and raises interesting questions about the evolution of the streptococcal superantigens.
MATERIALS AND METHODS
Cloning of speJ. During the characterization of SPEs G and H, only a partial region of speJ was identified (48) . Since this time, the complete sequence of the S. pyogenes SF370 genome, including the remainder of speJ, has been released from the Streptococcal Genome Sequencing Project at the University of Oklahoma. From this sequence, we predicted the full-length translation product of speJ, which showed significant homology to other known SPEs. The protein sequences of SPEs A, C, G, H, and J were aligned to provide a basis to predict the signal peptide cleavage site of SPE J (Fig. 1) . From this prediction, DNA primers (5Ј-GCGCCCCATGGATAGTGAAAATATTAAAGAC-3Ј and 5Ј-GC GCGGATCCTTATTTAGTCCAAAGGTAAATATC-3Ј; Sigma-Genosys, The Woodlands, Tex.) were designed containing the restriction enzyme recognition sequences for NcoI and BamHI (underlined in the primer sequences) to amplify speJ lacking coding sequence for the putative signal peptide. Taq DNA polymerase (Qiagen, Inc., Valencia, Calif.) was used for PCR amplification from DNA extracted from S. pyogenes strains SF370 and HMC-2. Amplified speJ was digested with the restriction enzymes NcoI and BamHI (Roche Molecular Biochemicals, Indianapolis, Ind.) and cloned into the pET-28 (Novagen, Inc., Madison, Wis.) expression vector using Escherichia coli XL1-Blue (Stratagene, La Jolla, Calif.) as the host. The DNA sequence of the cloned gene was determined by the University of Minnesota Advanced Genetic Analysis Center, and both PCR products (from strains SF 370 and HMC 2) were identical.
Expression of recombinant SPE J. All reagents and glassware used for toxin purification and biological assays were maintained pyrogen free. Recombinant SPE J (rSPE J) was produced in E. coli BL21(DE3) (Novagen) containing the recombinant plasmid pET-28::speJ. Cells were grown in dialyzable beef heart medium (52) at 37°C containing 50 g of kanamycin (Sigma Chemical Co., St. Louis, Mo.) per ml for plasmid maintenance and induced with 0.2 mM isopropyl-␤-D-galactopyranoside (IPTG) (Sigma) when the absorbance (600 nm) was approximately 0.5. After 3 to 4 h, rSPE J was both released from the E. coli cells and FIG. 1. Amino acid alignment of all known streptococcal superantigens. Identical residues conserved over all seven superantigens are shown in black, and highly conserved residues are shaded in gray.
precipitated with 4 volumes of ethanol. Concentrated crude protein containing rSPEJ was resolubilized in water, and two consecutive separations via flatbed isoelectric focussing (pH 3-10 ampholytes and then pH 6-8 ampholytes, Amersham Pharmacia Biotech AB, Uppsala, Sweden) were done. Isoelectric focusing revealed an rSPE J protein with an isoelectric point of approximately 7.7. Dialysis against distilled water to remove ampholytes completed the purification of rSPE J. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 12% gels (31) and Western immunoblotting (4) were used to estimate the molecular weight, the homogeneity of purified toxin, and the serologic cross-reactivity with SPEs A and C.
Antibody production. Antibody was obtained by immunizing an American Dutch Belted rabbit (Birchwood Farms, Red Wing, Minn.) with 25 g of rSPE J in phosphate-buffered saline (PBS; 0.005 M NaPO 4 , 0.15 M NaCl; pH 7.2) and Freund incomplete adjuvant (final volume of 1 ml) (Difco Laboratories, Detroit, Mich.) on days 0, 14, and 28. The rabbit was bled on days 21 and 35, and the resultant anti-SPE J serum was used for Western blot analysis.
Mitogenic activity. The mitogenicity of rSPE J was determined via incorporation of [ 3 H]thymidine into rabbit splenocytes and human peripheral blood mononuclear cells (PBMCs), as described previously (3, 38) . RPMI 1640 medium (Gibco-BRL, Grand Island, N.Y.) supplemented with 2% fetal calf serum (FCS; Gibco), 100 U of penicillin (Mediatech Cellgro) per ml, 100 g of streptomycin (Mediatech Cellgro) per ml, and 2 mM L-glutamine (Mediatech Cellgro) was used to culture American Dutch Belted rabbit splenocytes and human PBMCs; lymphocytes were used at a concentration of 2 ϫ 10 5 cells per well in 200-l volumes. Serial 10-fold dilutions of rSPE J (beginning at 10 g/well) were added to the wells, and each dilution was assayed in quadruplicate; control wells received lymphocytes only. Equivalent concentrations of purified SPE A or SPE C prepared as previously described (38, 50) were added to the wells for comparison. Plates were incubated at 37°C for 72 h in 7% CO 2 , and then 1 Ci of [ 3 H]thymidine (Amersham Corp., Arlington Heights, Ill.) was added to each well. After another 18 h, cells were harvested onto fiberglass filters (Whatman, Maidstone, England), and incorporation of the [ 3 H]thymidine was determined using a scintillation counter.
V␤ profile determination by fluorescence-activated cell sorter (FACS) analysis. Separate preparations of PBMCs obtained from three normal human donors were isolated from heparinized venous blood by density gradient sedimentation over Ficoll-Hypaque (Histopaque; Sigma). In each case, cells were washed three times in Hanks balanced salt solution (HBSS; Mediatech Cellgro, Herndon, Va.) and resuspended in medium for cell culture. PBMCs (10 6 cells/ml) were cultured in RPMI 1640 (Mediatech Cellgro) supplemented with 10% heat-inactivated FCS (Gemini Bioproducts, Woodland, Calif.), 20 mM HEPES buffer (Mediatech Cellgro), 100 U of penicillin (Mediatech Cellgro) per ml, 100 g of streptomycin (Mediatech Cellgro) per ml, and 2 mM L-glutamine (Mediatech Cellgro). Cells were cultured in the presence of either anti-CD3 (20 ng/ml) or rSPE J (100 ng/ml) for 3 days, washed, and allowed to grow for an additional day in the presence of interleukin-2 (50 U/ml) before washing and staining them for immunofluoresence analysis of the V␤ T-cell repertoire as previous described (33, 34, 56 [Sigma] ) by centrifugation at 300 ϫ g for 5 min at 4°C. The cell pellets were resuspended in staining solution and incubated with anti-CD3 allophycocyanin (APC), anti-CD4 phycoerythrin (Becton Dickinson, San Jose, Calif.), anti-CD8 (FITC) (Becton Dickinson), and a streptavidin peridinin chlorophyl protein (PerCP) conjugate (Becton Dickinson) for 30 min at 4°C. Stained cells were again washed twice in washing buffer and once in 0.02% sodium azide (Sigma) in PBS by centrifugation at 300 ϫ g for 5 min at 4°C. Finally, cells were fixed in 300 l of 1% (vol/vol) formaldehyde (Polysciences, Warrington, Pa.) in 1ϫ PBS. Analysis was performed using four-color flow cytometry (FACSCalibur; Becton Dickinson) as described elsewhere (56) . List mode multiparameter data files (each file with forward scatter, side scatter, and four fluorescent parameters) were analyzed using CellQuest software (Becton Dickinson). Analysis of activated populations was performed with the light scatter gate set on the T-cell blast population. Negative control reagents were used to verify the staining specificity of experimental antibodies.
Pyrogenicity and lethal models of toxic shock syndrome. American Dutch Belted rabbits were used to establish the pyrogenicity and capacity for enhancement of susceptibility to the lethal effects of endotoxin of rSPE J. Rabbits were injected with either rSPE J or toxic shock syndrome toxin 1 (TSST-1) as a positive control in the marginal ear veins (5 g/kg), and temperatures were recorded at both 2 and 4 h in order to assay the pyrogenicity.
The ability of rSPE J to enhance host susceptibility to lethal endotoxin shock (endotoxin enhancement) was assayed via injection of rSPE J as described for the pyrogenicity model, followed by intravenous injection of endotoxin from Salmonella enterica serovar Typhimurium (10 g/kg, 1/50 lethal dose, 50% endpoint) at the 4-h time point. Animals were monitored for symptoms of STSS, and mortality was recorded over a 2-day period.
The miniosmotic pump model of STSS (32, 47) was used to assess the lethality of the rSPE J in a situation that is presumed to resemble infection with exotoxinproducing S. pyogenes. The miniosmotic pumps are designed to release a constant amount of exotoxin into the subcutaneous tissue for 7 days. Three American Dutch Belted rabbits were anesthetized with ketamine and xylazine (Phoenix Pharmaceuticals, Inc., St. Joseph, Mo.), and miniosmotic pumps (Alza Pharmaceuticals, Palo Alto, Calif.) prefilled with 200 or 500 g of rSPE J or 200 g of TSST-1 in 200 l of PBS were implanted subcutaneously in the left flank. Rabbits were monitored for signs of STSS, and mortality was recorded over a 15-day period.
Sequence accession number. The nucleotide and protein sequence corresponding to the SPE J protein was deposited with GenBank under accession no. AF321000.
RESULTS
Cloning and purification of rSPE J. The complete speJ gene was identified from the S. pyogenes SF370 genomic sequence, based on previous work (48) and homology to known PTSAgs. The predicted translation product of speJ was a polypeptide of 232 amino acids with a molecular weight of 27,171 and contained only one cysteine residue. Because PTSAgs are secreted toxins that contain signal peptides, we examined this protein for this feature. Typical signal peptides have three domains that are structurally conserved based on hydrophobicity, charge or size of the amino acids (61) . The amino terminus is short and positively charged, followed by a central and longer, hydrophobic domain, and a carboxy domain, normally characterized by small side chain amino acids at the Ϫ3 and Ϫ1 positions relative to the cleavage site. It was apparent that SPE J contained the first two domains, although a cleavage site could not immediately be predicted for this protein. Therefore, we aligned SPE J with known streptococcal PTSAgs and predicted a possible cleavage site based on homology to known signal peptides (Fig. 1) .
The region of speJ predicted to encode mature SPE J was amplified by PCR and cloned into the pET-28 E. coli expression vector. The sequences of speJ from strains SF370 and HMC-2 were identical. rSPE J was expressed and purified, and the functional activities were determined. SDS-PAGE revealed an apparently pure preparation of rSPE J (Fig. 2A) . Western blot analysis with polyclonal antibodies raised against rSPE J revealed cross-reactivity with SPE C (Fig. 2B) but not SPE A (not shown).
Superantigenicity. One of the characteristics of SPEs is the ability to induce marked T-cell proliferation as superantigens. rSPE J was a potent lymphocyte mitogen, as measured by the incorporation of [ 3 H]thymidine into both rabbit splenocytes (Fig. 3A) and human PBMCs (Fig. 3B) . rSPE J caused proliferation of rabbit splenocytes and human PBMCs at concentrations as low as 5 ϫ 10 Ϫ6 g/ml. The proliferation observed for rSPE J was comparable to the proliferation caused by identical concentrations of SPE C, which showed significant activity at 5 ϫ 10 Ϫ7 g/ml for rabbit splenocytes and 5 ϫ 10 Ϫ6 g/ml for human PBMCs, where as SPE A was active at 5 ϫ 10 Ϫ4 g/ml for both of these cell types.
Although nonspecific mitogens are capable of inducing lymphocyte proliferation in culture, superantigens preferentially stimulate T cells with specific V␤ regions on their TCRs. In order to verify superantigenicity, the TCR V␤ stimulation profile of rSPE J-treated human lymphocytes was determined. T cells bearing V␤2, -3, -12, -14, or -17 were preferentially stimulated by rSPE J (Fig. 4) . Consistent with superantigen activation, both CD4 ϩ and CD8 ϩ T cells were stimulated, although CD4
ϩ cells represented the majority of stimulated cells (73.9%).
Fever and lethality activity. Another characteristic of the rSPEs is their ability to cause fever and enhance the susceptibility of rabbits to intravenously administered endotoxin. Three rabbits were given a sublethal intravenous bolus of rSPE J or TSST-1, and their temperatures were recorded at both 2 and 4 h ( Table 1) . At 4 h, temperatures had risen 0.9°C, indicating that rSPE J had pyrogenic activity; in this model, fevers are considered significant if the average was greater than 0.5°C (53) . Challenge with a sublethal intravenous bolus of endotoxin at 4 h after injection of rSPE J resulted in lethality in three of five rabbits ( Table 1 ), indicating that rSPE J is capable of enhancing susceptibility to endotoxin-induced shock. Comparable results were obtained for rabbits challenged with TSST-1 and then endotoxin.
Slow subcutaneous release of PTSAg (as provided by a miniosmotic pump) is presumed to mimic toxin release by an exotoxin-producing strain of S. pyogenes. The miniosmotic pump model of STSS (32, 47) results in lethal activity without the administration of exogenous endotoxin. The three rabbits implanted with 200 g of rSPE J in miniosmotic pumps did not succumb to the effects of rSPE J after 15 days; however, a dose of 500 g was lethal in two of three rabbits in this model. Rabbits that received 200 g of TSST-1 as a control also succumbed.
Phylogenetic analysis of all known streptococcal and staphylococcal PTSAgs. Using CLUSTAL W (59) we aligned the protein sequences of all known PTSAgs including SPE serotypes A, C, G, H, and J, SSA and SMEZ-2, and staphylococcal enterotoxin (SE) serotypes A, B, C 1 , D, E, G, H, I, and J, as well as TSST-1, to create a phylogenetic tree of this large family of toxins (Fig. 5 ). This analysis showed three main branches, except for SPE H which is less related to the other PTSAgs. SPE J was most similar to SPEs C and G and to SMEZ-2. Interestingly, two of the branches contained both streptococcal and staphylococcal PTSAgs.
DISCUSSION
In this study, rSPE J was cloned from two clinical strains of S. pyogenes isolated from patients with STSS. These strains are known to contain the genes for SPEs A and B and SPEs B and C, respectively, and are now known to also contain the gene for SPE J. The speJ gene was identical in both strains, and the mature protein had a predicted molecular weight of 24,444 and an isoelectric point of 7.6. These values are consistent with those obtained by experimental measurement. Although related to all PTSAgs in the primary sequence, SPE J was most similar to SPE C, with 47.1% identity. Because SPE J contains only one cysteine residue, this toxin does not contain a cystine loop structure that is seen in many PTSAgs, such as SPE A and the SEs A, B, C, D, and E. Finally, epitopes on SPE J crossreacted with epitopes on SPE C as determined by Western blotting. It is possible that previous studies which determined SPE C production by antibody could also have been detecting SPE J, although we currently do not know whether SPE J is produced by clinical strains of group A streptococci. These data also suggest that persons with immunity to SPE C may also be immune to SPE J.
Biologically, PTSAgs share several activities, including pyrogenicity, superantigenicity, the ability to enhance the susceptibility of the host to the lethal effects of endotoxin, and the ability to induce lethality of rabbits when administered via subcutaneously implanted miniosmotic pumps. rSPE J shares these activities with other PTSAgs. The toxin was pyrogenic and lethal in rabbits (although not as toxic as TSST-1 when administered via miniosmotic pumps) and stimulated proliferation of both rabbit and human lymphocytes. It has not been determined if SPE G and H, SSA, or SMEZ serotypes have pyrogenic or lethal activity. However, because all known structures conform to the typical superantigen fold (1, 57) and act as superantigens (25, 40, 48, 49) , it is likely they also share the lethal phenotypes. Interestingly, rSPE J stimulated a unique pattern of human T cells bearing the TCR subsets V␤2, -3, -12, -14, and -17. Despite the highest homology with SPE C, the V␤ pattern stimulated by rSPE J was most similar to that of SPE A, which stimulates V␤2, -12, -14, and -15, whereas SPE C stimulates V␤1, -2, -5.1, and -10 (60). It would be of interest to determine which residues in SPE C and SPE J are responsible for the different V␤ specificities. Both SPE C and SPE J were extremely potent in stimulating rabbit splenocytes and human PBMCs compared to SPE A, which was active above ca. 2 higher orders of magnitude in concentration. The basis for this difference is currently unknown, although Proft et al. (48) have reported activity at similar concentrations with SMEZ. These three toxins (SPE C, SPE J, and SMEZ) are also phylogenetically similar (Fig. 5) , indicating that some structural feature of this group of toxins may account for their potency.
The characterization of a seventh, distinct streptococcal PTSAg raises some interesting questions regarding the evolu- tion of the potent toxins. It is currently unclear as to why there are so many functional PTSAgs present in both group A streptococci and S. aureus. The extensive homology among streptococcal and staphylococcal superantigens suggests that they share a common ancestor, either before the evolutionary divergence of the two organisms or as a result of horizontal gene transfer. The two prototypic streptococcal superantigens, SPE A and SPE C, are both encoded on functional phage (11, 20-23, 26, 39, 41) , and lateral movement by converting bacteriophage has been demonstrated for both speA (19, 63, 65) and speC (11) . Comparison of the phylogenetic tree constructed from all known streptococcal and staphylococcal bacterial superantigens reveals three main evolutionary branches, not including SPE H (Fig. 5) . Interestingly, two of these main branches contain both streptococcal and staphylococcal superantigens. Based on this analysis, these toxins may have at one time resided in the same host or were freely exchanged between hosts. It is possible that the PTSAg genes undergo rearrangement during phage transfer into a new host, giving rise to the distinct serotypes. The speA and speC genes are variable characteristics in different S. pyogenes strains, which is consistent with them being encoded on phage. Some of the other streptococcal superantigen genes are probably variable traits (speH, ssa, and speJ), while some are apparently not (speG and smeZ). In a recent study of 103 isolates from New Zealand, only 24% possessed the speH gene, while all possessed some form of smeZ (49) . Consistent with this observation, speG and smeZ do not appear to be genetically linked to phage in the S. pyogenes SF370 genome.
From an evolutionary understanding, it is unlikely that these toxins have evolved to induce life-threatening illness in humans. We believe that these potent toxins must provide their a Three rabbits were used for each pyrogenicity assay. An amount (5 g/kg) was injected intravenously at 0 h. Temperature changes of 0.5°C or greater are considered significant in this model (53) .
b Mortality was recorded for a 48-h period following the injection of endotoxin. bacterial host with a distinct, yet largely unrecognized evolutionary advantage during infection. This reasoning may help to explain the multiple serotypes of the streptococcal superantigens and why some of the toxins, such as SMEZ (49), undergo apparent antigenic variation. Although SPE A and C have historically been associated with invasive streptococcal disease, we believe that the presence of a specific PTSAg gene is not the most appropriate association to examine. Instead, the expression level of any one of these potent toxins may determine their ability to cause severe streptococcal disease such as STSS and scarlet fever. Due to the presence of at least seven PTSAgs in group A streptococci, it is possible that other toxins within this group will be discovered. Evidence also suggests that PTSAgs may be present in other species. Compounds from group G streptococci have been partially characterized that are mitogenic and can produce fevers and induce lethal activity in the endotoxin hypersensitivity model of toxic shock syndrome (2) . Since numerous cases of STSS caused by group C (15, 28, 43) and group G (15, 30) streptococci have been reported, it is possible that other novel superantigens are involved. Further study of this important family of toxins will improve our understanding of superantigen biology and evolution and may ultimately lead to improved treatments for severe streptococcal disease.
